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1
RADIOACTIVE WASTE PROCESSING
METHOD

TECHNICAL FIELD

The present invention relates to the technique of process-
ing high-level radioactive waste including fission products.

BACKGROUND ART

Electric power providers owning nuclear power plants
have stored a massive amount of used nuclear fuel, and
establishment of the method for safely and effectively pro-
cessing such used nuclear fuel has been an urgent issue.

For this reason, study has been conducted on a nuclear
fuel cycle that fissionable U-235 or Pu is extracted from the
used nuclear fuel and about 3 to 5% of the resultant is mixed
with non-fissionable U-238 to reproduce new fuel.

A used nuclear fuel of about 20 tons is annually produced
or yielded from a 1000 MWe class nuclear power plant.
Used nuclear fuel of 3%-enriched uranium fuel (U-235: 3%,
U-238: 97%) contains 1% of U-235, 95% of U-238, 1% of
Pu, and 3% of other products. These products are catego-
rized into minor actinide (MA), platinum groups, short-lived
fission products (SLFP), and long-lived fission products
(LLFP).

Note that these products exhibit high neutron absorbing
properties, and are the cause of interfering with progress of
chain reaction of nuclear fission along with increasing of
those amounts.

For this reason, these products are much contained in
highly active liquid waste (HALW) inevitably caused by
reprocessing of the used nuclear fuel and vitrified waste in
such a form that the highly active liquid waste can be
discarded.

When this highly active liquid waste (HALW) is, without
change, formed into the vitrified waste for disposal, a
massive amount of high-level radioactive waste generating
heat needs to be managed for thousands of years, leading to
a burden increase. Actually, the vitrified waste has been
already held, and therefore, long-term management has been
demanded.

For these reasons, for the purpose of reducing a burden
due to disposal of the highly active liquid waste (HALW)
and management of the already-held vitrified waste, study
has been conducted on the technique of separating contained
nuclides into groups according to a half-life or chemical
properties and selecting, for each group, a disposal method
according to properties. Thus, a storage period of the high-
level radioactive waste can be shortened, and a storage space
can be further saved.

For the groups with the long-lived fission products
(LLFP) among the groups separated from the highly active
liquid waste (HALW) and the vitrified waste, study has been
conducted on application of the technique of nuclear trans-
mutation into short-lived radionuclides or stable nuclides.

Specifically, the technique of nuclear transmutation into
isotopes with a shorter half-life by application of photonu-
clear reaction (y, n) for irradiating the long-lived fission
products (LLFP) with a gamma beam to cause neutron
emission or neutron capture reaction (n, y) for irradiating the
long-lived fission products (LLFP) with neutrons to cause
gamma beam emission has been disclosed (e.g., Patent
Literatures 1 and 2).
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However, in the above-described photonuclear reaction
(Y, n) or neutron capture reaction (n, y), long-lived radionu-
clides which can be efficiently nuclear-transmuted are lim-
ited due to high nuclide dependency of a reaction cross
section.

For this reason, the long-lived radionuclides may be
directly irradiated with a high-energy beam, or may be
indirectly irradiated with a secondary beam generated from
the high-energy beam. In this manner, nuclear transmutation
can be effective.

Group separation as described above is based on element
separation, and is not accompanied by isotope separation.

Thus, even when the long-lived fission products (LLFP)
are separated into the groups, not only isotopes of the
long-lived radionuclides but also isotopes of the short-lived
radionuclides and the stable nuclides might be present in a
mixed manner.

For this reason, when the groups with the long-lived
fission products (LLFP) are, without thinking, irradiated
with the high-energy beam to perform nuclear transmutation
processing, there are concerns that the long-lived radionu-
clides are not only transmuted into the short-lived radionu-
clides or the stable nuclides, but also the short-lived radio-
nuclides or the stable nuclides are nuclear-transmuted into
the long-lived radionuclides.

Thus, the nuclear transmutation processing of extracting
only the long-lived radionuclides by isotope separation is
conceivable, but is not practical due to low productivity of
isotope separation processing in a current situation.

Moreover, practically-applicable elements are limited in
such isotope separation processing, and therefore, there is a
limitation on application for the purpose of detoxifying of
the long-lived fission products (LLFP) or re-utilization of
the long-lived fission products (LLFP) as useful elements.

SUMMARY OF INVENTION

One or more embodiments of the present invention are
directed to a fission product processing method for selective
nuclear transmutation, without isotope separation, only the
radionuclides into stable nuclides in the fission products.

In one or more embodiments of the present invention, a
method for processing radioactive waste includes the step of
extracting, from the radioactive waste, the isotopes without
isotope separation, the isotopes including radionuclides of
fission products and having a common atomic number, and
the step of irradiating the isotopes with high-energy particles
generated by an accelerator to produce nuclear transmuta-
tion of a long-lived radionuclide of the radionuclides into a
short-lived radionuclide with a short half-life or a stable
nuclide re-utilizable as a resource.

According to one or more embodiments of the present
invention, the fission product processing method for selec-
tive nuclear transmutation, without isotope separation, only
the radionuclides into stable nuclides in the fission products
is provided.

Further, a radioactive waste processing method can be
provided so that the stable nuclides transmuted from the
long-lived radionuclides or the like can be re-utilized as the
resource.



US 10,629,316 B2

3
BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a flowchart for describing an embodiment of a
radioactive waste processing method of the present inven-
tion.

FIG. 2A is a graph of a neutron emission reaction cross
section of a selenium isotope (Se) with respect to neutron
irradiation energy, and FIG. 2B is the chart of nuclides for
describing transition of the selenium isotope (Se) by (n, 2n)
reaction.

FIG. 3A is a graph of a neutron emission reaction cross
section of a palladium isotope (Pd) with respect to the
neutron irradiation energy, and FIG. 3B is the chart of
nuclides for describing transition of the palladium isotope
(Pd) by the (n, 2n) reaction.

FIG. 4A is a graph of a neutron emission reaction cross
section of a zirconium isotope (Zr) with respect to the
neutron irradiation energy, and FIG. 4B is the chart of
nuclides for describing transition of the zirconium isotope
(Zr) by the (n, 2n) reaction.

FIG. 5A is a graph of a neutron emission reaction cross
section of a krypton isotope (Kr) with respect to the neutron
irradiation energy, and FIG. 5B is the chart of nuclides for
describing transition of the krypton isotope (Kr) by the (n,
2n) reaction.

FIG. 6A is a graph of a neutron emission reaction cross
section of a samarium isotope (Sm) with respect to the
neutron irradiation energy, and FIG. 6B is the chart of
nuclides for describing transition of the samarium isotope
(Sm) by the (n, 2n) reaction.

FIG. 7A is a graph of a neutron emission reaction cross
section of a cesium isotope (Cs) with respect to the neutron
irradiation energy, and FIG. 7B is the chart of nuclides for
describing transition of the cesium isotope (Cs) by the (n,
2n) reaction.

FIG. 8 is a flowchart for describing the step of processing
the cesium isotope (Cs).

FIG. 9A is a graph of a neutron emission reaction cross
section of a strontium isotope (Sr) with respect to the
neutron irradiation energy, and FIG. 9B is the chart of
nuclides for describing transition of the strontium isotope
(Sr) by the (n, 2n) reaction.

FIG. 10A is a graph of a neutron emission reaction cross
section of a tin isotope (Sn) with respect to the neutron
irradiation energy, and FIG. 10B is the chart of nuclides for
describing transition of the tin isotope (Sn) by the (n, 2n)
reaction.

FIG. 11 is a chart for describing muon nuclear capture
reaction. FIG. 12 is the chart of nuclides for describing
transition of the selenium isotope (Se) by the muon nuclear
capture reaction.

FIG. 13 is the chart of nuclides for describing transition
of the palladium isotope (Pd) by the muon nuclear capture
reaction.

FIG. 14 is the chart of nuclides for describing transition
of the strontium isotope (Sr) by the muon nuclear capture
reaction.

FIG. 15 is the chart of nuclides for describing transition
of the zirconium isotope (Zr) by the muon nuclear capture
reaction.

FIG. 16 is the chart of nuclides for describing transition
of the cesium isotope (Cs) by the muon nuclear capture
reaction.

FIG. 17 is the chart of nuclides for describing transition
of' the tin isotope (Sn) by the muon nuclear capture reaction.

10

20

30

40

45

55

65

4

FIG. 18 is the chart of nuclides for describing transition
of the samarium isotope (Sm) by the muon nuclear capture
reaction.

DESCRIPTION OF EMBODIMENTS

An embodiment of the present invention will be described
below based on the attached drawings.

As shown in FIG. 1, the method for processing radioac-
tive waste according to the embodiment includes the step
(S11) of separating and extracting, from the radioactive
waste, the isotopes including radionuclides of fission prod-
ucts and having a common atomic number, and the step
(S13) of irradiating the isotopes with high-energy particles
generated by an accelerator to produce nuclear transmuta-
tion of long-lived radionuclides or mid-lived radionuclides
into short-lived radionuclides with a short half-life or stable
nuclides.

The method further includes, after the separation extrac-
tion step (S11) and before the nuclear transmutation step
(S13), the step (S12) of concentrating, based on parity on a
concentration effect, the isotopes into any one of an isotopes
with an odd number of neutrons and an isotopes with an
even number of neutrons.

Radioactive waste including fission products (FP) is
assumed as the radioactive waste targeted for application in
the present embodiment. These fission products (FP) indi-
cate two or more nuclides separated by nuclear fission of
fissionable nuclides such as uranium U-235 and plutonium
Pu-239.

The element types of the fission product (FP) of the
uranium U-235 are about 40 types from nickel (atomic
number 28) to dysprosium (atomic number 66).

Yield distribution on the mass number of the fission
product (FP) of the uranium U-235 is across a range of 72
to 160, and is in a double peak shape with local maximum
values around a mass number of 90 and a mass number of
140.

As described above, there are several hundred types of
fission products (FP) when distinguished according to iso-
topes, and these fission products (FP) are further categorized
into stable nuclides and radionuclides. Of these nuclides, the
radionuclides are changed into more stable nuclides by
nuclear decay.

Short-lived radionuclides with a short half-life of nuclear
decay emit a massive amount of radiation in a short amount
of time, but radioactivity rapidly attenuates as time pro-
ceeds. For this reason, such radionuclides can be detoxified
by storage for a predetermined period of time.

On the other hand, long-lived radionuclides with a long
half-life emit a less amount of radiation, but the speed of
attenuation is slower. For this reason, semi-permanent man-
agement is necessary in the case of massive possession.

Thus, when nuclear transmutation of the long-lived radio-
nuclides into the short-lived radionuclides or the stable
nuclides can be produced, a burden due to management of
the radioactive waste can be reduced.

Major long-lived radionuclides (a half-life in parentheses)
included in the fission products (FP) include, for example,
selenium Se-79 (2.95x10° years), palladium Pd-107 (6.5x
106 years), zirconium Zr-93 (1.5x10° years), cesium Cs-135
(2.3x10° years), iodine 1-129 (1.57x107 years), technetium
Tc-99 (2.1x10° years), and tin Sn-126 (2.3x10° years).

For iodine 1-129 (1.57x107 years) and technetium Tc-99
(2.1x10° years) of these radionuclides, examples showing
effective life shortening by neutron capture reaction (n, y)
have been reported. For this reason, iodine 1-129 and tech-
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netium Tc-99 are left out of consideration in the present
embodiment, but the present invention is applicable to these
radionuclides.

Note that in the present embodiment, radionuclides with
a half-life of equal to or longer than 10'° years are regarded
as metastable nuclides, and are excluded from processing
targets.

Strontium Sr-90 (28.8 years), krypton Kr-85 (10.8 years),
and samarium Sm-151 (90 years) as major fission products
(FP) for mid-lived radionuclides with a half-life of exceed-
ing 10 years are, even if these products are other than the
above-described long-lived radionuclides, included in the
processing targets for further life shortening, and study has
been conducted on these products.

The separation extraction step (S11) of FIG. 1 is the step
of separating and extracting, from the radioactive waste
including various types of nuclides, the isotopes including
the focused long-lived radionuclides. That is, the isotopes
having the same atomic number (the number of protons) Z
as that of the focused long-lived radionuclides and having
different mass numbers (the number of protons+the number
of neutrons) A is extracted.

A typical element separation method can be applied as
such a method for separating and extracting the isotopes, and
for example, includes an electrolytic method, a solvent
extraction method, an ion exchanging method, a precipita-
tion method, a dry method, or a combination thereof. In a
case where vitrified waste is targeted, the vitrified waste
needs to be melted or decomposed at a step before separation
extraction. A typical melting/decomposition method can be
applied, and for example, includes an alkali fusion method,
a molten-salt method (electrolysis reduction, chemical
reduction), a high-temperature fusion method, a halogena-
tion method, an acid solution method, and an alkali melting
method. After the vitrified waste has been melted or decom-
posed, the above-described typical element separation
method can be applied.

The even-odd concentration step (S12) of FIG. 1 is the
step of performing, for the isotopes subjected to the sepa-
ration extraction step (S11), the processing of concentrating,
based on the parity on the concentration effect, the isotopes
into any one of the isotopes with the odd number of neutrons
and the isotopes with the even number of neutrons.

After this even-odd concentration step (S12), the effi-
ciency of the subsequent nuclear transmutation processing
step (S13) is enhanced. Thus, this even-odd concentration
step (S12) is not an essential step, and is not sometimes
performed considering a total cost.

In general, isotope separation is performed utilizing a
slight physical property difference or a slight mass differ-
ence, such as an isotope vapor pressure. An isotopic shift
phenomenon has been known, in which the number of
vibration of an atomic spectral line slightly shifts among
isotopes, and an optical transition selection rule on light
polarization varies among odd-number isotopes and even-
number isotopes.

Utilizing such a phenomenon, the isotopes separated and
extracted at (S11) can be, at (S12), concentrated into any one
of the isotopes with the odd number of neutrons and the
isotopes with the even number of neutrons.

Such an even-odd concentration step (S12) may use such
properties that in the case of an even number of neutrons, the
transition selection rule in the course of electronic excitation
by a right/left circular polarization laser varies among even-
even nuclei and even-odd nuclei with a nuclear spin of zero.

Specifically, only odd-number nuclides can be ionized by
laser irradiation with a laser of which polarization has been
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controlled. Note that the method applied to the even-odd
concentration step (S12) is not specifically limited.

The nuclear transmutation processing step (S13) of FIG.
1 will be described below separately for each type of
irradiated high-energy particle and each type of separated
and extracted isotopes.

(Secondary Neutron Emission Reaction; (n, xn) Reaction
(x22))

First, a case where the high-energy particles with which
the isotopes is irradiated are neutrons (n) will be described.
The neutrons do not receive clone force due to the charge of
atomic nuclei, and therefore, tend to enter the atomic nuclei
to produce nucleus reaction.

Typically in a case where neutrons with low energy enter
atomic nuclei, elastic scattering ((n, n) reaction) in which the
sum of kinetic energy before and after entering is conserved
is dominant. However, when the energy of the neutrons
increases to above hundreds of kilo electron volts, inelastic
scattering in which the sum of kinetic energy before and
after entering is not conserved begins to occur.

Then, when the energy of the neutrons reaches equal to or
higher than 1 MeV, reaction for emitting charged particles,
such as (n, p) reaction or (n, ) reaction, is produced. When
the energy of the neutrons reaches 7 to 8 MeV, (n, 2n)
reaction begins to occur, and therefore, secondary neutrons
are emitted. Then, when the energy of the neutrons further
increases, (n, 3n) reaction is produced.

The (n, 2n) reaction described herein is reaction that two
neutrons are emitted from an atomic nucleus when a single
neutron enters the atomic nucleus. The (n, 3n) reaction
described herein is reaction that three neutrons are emitted
from an atomic nucleus when a single neutron enters the
atomic nucleus.

The magnitude of energy for separating and emitting a
secondary neutron by entering of a primary neutron into an
atomic nucleus shows tendency depending on the parity of
the number of neutrons. In general, energy is lower in the
case of taking a single neutron out of an atomic nucleus with
an odd number of neutrons than in the case of taking a single
neutron out of an atomic nucleus with an even number of
neutrons.

Selective nuclear transmutation of a long-lived radionu-
clide or a mid-lived radionuclides into a short-lived radio-
nuclide or a stable nuclide based on the parity of neutron
separation energy of an isotope element by proper setting of
neutron irradiation energy will be described below for each
type of isotopes targeted for processing.

FIG. 2A is a graph of a neutron emission reaction cross
section of a selenium isotope (Se) with respect to the neutron
irradiation energy. FIG. 2B is the chart of nuclides of major
isotopes including bromine Br, selenium Se, and arsenic As.

For the Se isotopes, only Se-74, 76, 77, 78, 80, 82 as
stable nuclides and Se-79 (a half-life of 2.95x10° years) as
a long-lived radionuclide remain in the course of storage for
a certain period of time and the separation extraction step
(FIG. 1; S11), and almost all of other isotopes are transmuted
due to nuclear decay.

Of these Se isotopes, a target for transmutation is Se-79 as
the long-lived radionuclide.

As shown in FIG. 2A, when the neutron irradiation energy
increases, the (n, 2n) reaction cross sections of Se-77 and
Se-79 with an odd number of neutrons begin to increase at
around the point of exceeding 7 MeV. Each nuclide loses a
single neutron, leading to nuclear transmutation of these
nuclides into Se-76 and Se-78.

When the neutron irradiation energy further increases, the
(n, 2n) reaction cross sections of Se-76, Se-78, and Se-80
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with an even number of neutrons begin to increase at around
the point of exceeding 10 MeV. This leads to nuclear
transmutation of these nuclides into Se-75, Se-77, and
Se-79. Then, the (n, 2n) reaction cross sections of these Se
isotopes reach a constant value at around the point of
exceeding 14 MeV.

When the neutron irradiation energy still further
increases, a (n, 3n) reaction cross section begins to increase
at around the point of exceeding 18 MeV.

Of nuclear transmutation of the Se isotopes as shown in
FIG. 2B, disadvantageous side (n, 2n) reaction is nuclear
transmutation of Se-80 as the stable nuclide into Se-79 as the
long-lived radionuclide. Note that nuclear transmutation of
Se-82 as the stable nuclide into Se-81 as a short-lived
radionuclide is acceptable because of nuclear decay of Se-81
into Br-81 (a stable nuclide) within a short period of time.

Thus, for selective transmutation of only Se-79 as the
long-lived radionuclide from the Se isotopes, the value of
the neutron irradiation energy is preferably set within such
a range that the (n, 2n) reaction cross section of Se-79 is
equal to or larger than 10 times as large as the (n, 2n)
reaction cross section of Se-80, specifically a range of 7.5
MeV to 10.3 MeV.

Note that in the case of setting the neutron irradiation
energy within such a range, the (n, 2n) reaction of Se-77 as
the stable nuclide is also produced. However, this is not an
issue because nuclear transmutation of Se-77 into Se-76 as
the stable nuclide is produced.

FIG. 3A shows a graph of a neutron emission reaction
cross section of a palladium isotope (Pd) with respect to the
neutron irradiation energy. FIG. 3B is the chart of nuclides
of major isotopes including silver Ag, palladium Pd, and
rhodium Rh.

For the Pd isotopes, only Pd-102, 104, 105, 106, 108, 110
as stable nuclides and Pd-107 (a half-life of 6.5x10° years)
as a long-lived radionuclide remain in the course of storage
for a certain period of time and the separation extraction step
(FIG. 1; S11), and almost all of other isotopes are transmuted
due to nuclear decay.

Of these Pd isotopes, a target for transmuted is Pd-107 as
the long-lived radionuclide.

As shown in FIG. 3A, when the neutron irradiation energy
increases, the (n, 2n) reaction cross sections of Pd-105 and
Pd-107 with an odd number of neutrons begin to increase at
around 7 MeV. Each nuclide loses a single neutron, leading
to nuclear transmutation of these nuclides into Pd-104 and
Pd-106.

When the neutron irradiation energy further increases, the
(n, 2n) reaction cross sections of Pd-102, 104, 106, 108, 110
with an even number of neutrons begin to increase at around
the point of exceeding 9 MeV. This leads to nuclear trans-
mutation of these nuclides into Pd-101, 103, 105, 107, 109.
Then, the (n, 2n) reaction cross sections of these Pd isotopes
reach a constant value at around the point of exceeding 11
MeV.

When the neutron irradiation energy still further
increases, a (n, 3n) reaction cross section begins to increase
at around the point of exceeding 16 MeV.

Of nuclear transmutation of the Pd isotopes as shown in
FIG. 3B, disadvantageous side (n, 2n) reaction is nuclear
transmutation of Pd-108 as the stable nuclide into Pd-107 as
the long-lived radionuclide.

Thus, for selective transmutation of only Pd-107 as the
long-lived radionuclide from the Pd isotopes, the value of
the neutron irradiation energy is preferably set within such
a range that the (n, 2n) reaction cross section of Pd-107 is
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equal to or larger than 10 times as large as the (n, 2n)
reaction cross section of Pd-108, specifically a range of 7
MeV to 9.5 MeV.

Note that in the case of setting the neutron irradiation
energy within such a range, nuclear transmutation of Pd-110
as the stable nuclide into Pd-109 (a half-life of 13.7 hours)
as a short-lived radionuclide is produced by the (n, 2n)
reaction. However, this is acceptable because nuclear decay
of Pd-109 into Ag-109 as a stable nuclide is produced.

Moreover, the (n, 2n) reaction of Pd-105 as the stable
nuclide is also produced. However, this is not an issue
because nuclear transmutation of Pd-105 into Pd-104 as the
stable nuclide is produced.

FIG. 4A shows a graph of a neutron emission reaction
cross section of a zirconium isotope (Zr) with respect to the
neutron irradiation energy. FIG. 4B is the chart of nuclides
of major isotopes including molybdenum Mo, niobium Nb,
and zirconium Zr.

For the Zr isotopes, only Zr-90, 91, 92, 94, 96 as stable
nuclides and Zr-93 (a half-life of 1.5x10° years) as a
long-lived radionuclide remain in the course of storage for
a certain period of time and the separation extraction step
(FIG. 1; S11), and almost all of other isotopes are transmuted
due to nuclear decay.

Of these Zr isotopes, a target for transmutation is Zr-93 as
the long-lived radionuclide.

As shown in FIG. 4A, when the neutron irradiation energy
increases, the (n, 2n) reaction cross sections of Zr-91, 93, 95
with an odd number of neutrons begin to increase at around
7 MeV. Each nuclide loses a single neutron, leading to
nuclear transmutation of these nuclides into Zr-90, 92, 94.

When the neutron irradiation energy further increases, the
(n, 2n) reaction cross sections of Zr-92, 94, 96 with an even
number of neutrons begin to increase at around 8 MeV. This
leads to nuclear transmutation of these nuclides into Zr-91,
93, 95.

When the neutron irradiation energy still further
increases, a (n, 3n) reaction cross section begins to increase
at around the point of exceeding 15 MeV.

Of nuclear transmutation of the Zr isotopes as shown in
FIG. 4B, disadvantageous side (n, 2n) reaction is nuclear
transmutation of Zr-94 as the stable nuclide into Zr-93 as the
long-lived radionuclide.

Thus, for selective transmutation of only Zr-93 as the
long-lived radionuclide from the Zr isotopes, the value of the
neutron irradiation energy is preferably set within such a
range that the (n, 2n) reaction cross section of Zr-93 is equal
to or larger than 10 times as large as the (n, 2n) reaction cross
section of Zr-94, specifically a range of 7.2 MeV to 8.7 MeV.

Note that in the case of setting the neutron irradiation
energy within such a range, nuclear transmutation of Zr-96
as the stable nuclide into Zr-95 (a half-life of 64.0 days) as
a short-lived radionuclide is produced by the (n, 2n) reac-
tion. However, this is acceptable because nuclear decay of
Zr-95 into Nb-95 (a half-life of 35.0 days) as a short-lived
radionuclide is produced and nuclear decay of Nb-95 into
Mo-95 as a stable nuclide is further produced.

Moreover, the (n, 2n) reaction of Zr-91 as the stable
nuclide is also produced. However, this is not an issue
because nuclear transmutation of Zr-91 into Zr-90 as the
stable nuclide is produced.

FIG. 5A shows a graph of a neutron emission reaction
cross section of a kypton isotope (Kr) with respect to the
neutron irradiation energy. FIG. 5B is the chart of nuclides
of major isotopes including rubidium (Rb), kypton Kr, and
bromine Br.
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For the Kr isotopes, only Kr-78, 80, 82, 83, 84, 86 as
stable nuclides, Kr-81 (a half-life of 2.3x10° years) as a
long-lived radionuclide, and Kr-85 (a half-life of 10.8 years)
as a mid-lived radionuclide remain in the course of storage
for a certain period of time and the separation extraction step
(FIG. 1; S11), and almost all of other isotopes are transmuted
due to nuclear decay.

Of these Kr isotopes, a target for transmutation is Kr-85
as the mid-lived radionuclide.

Note that the abundance of Kr-81 (a half-life of 2.29x10°
years) of the Kr isotopes included in the radioactive waste is
slight, and therefore, Kr-81 is taken out of consideration.

As shown in FIG. 5A, when the neutron irradiation energy
increases, the (n, 2n) reaction cross sections of Kr-85 and
Kr-83 with an odd number of neutrons begin to increase at
around the point of exceeding 7.5 MeV. Each nuclide loses
a single neutron, leading to nuclear transmutation of these
nuclides into Kr-84 and Kr-82.

When the neutron irradiation energy further increases, the
(n, 2n) reaction cross sections of Kr-86, Kr-84, and Kr-82
with an even number of neutrons begin to increase at around
the point of exceeding 9.8 MeV. This leads to nuclear
transmutation of these nuclides into Kr-85, Kr-83, and
Kr-81. Then, the (n, 2n) reaction cross sections of these Kr
isotopes reach a constant value at around the point of
exceeding 14 MeV.

When the neutron irradiation energy still further
increases, a (n, 3n) reaction cross section begins to increase
at around the point of exceeding 18.5 MeV.

Of nuclear transmutation of the Kr isotopes as shown in
FIG. 5B, disadvantageous side (n, 2n) reaction is nuclear
transmutation of Kr-86 as the stable nuclide into Kr-85 as the
mid-lived radionuclide.

Thus, for selective transmutation of only Kr-85 as the
mid-lived radionuclide from the Kr isotopes, the value of the
neutron irradiation energy is preferably set within such a
range that the (n, 2n) reaction cross section of Kr-85 is equal
to or larger than 10 times as large as the (n, 2n) reaction cross
section of Kr-86, specifically a range of 7.5 MeV to 10 MeV.

Note that in the case of setting the neutron irradiation
energy within such a range, the (n, 2n) reaction of Kr-83 as
the stable nuclide is also produced. However, this is not an
issue because nuclear transmutation of Kr-83 into Kr-82 as
the stable nuclide is produced.

FIG. 6A shows a graph of a neutron emission reaction
cross section of a samarium isotope (Sm) with respect to the
neutron irradiation energy. FIG. 6B is the chart of nuclides
of major isotopes including europium (Eu), samarium (Sm),
and promethium (Pm).

For the Sm isotopes, only Sm-150, 152, 154 as stable
nuclides, Sm-148, 149 as metastable nuclides, and Sm-151
(a half-life of 90 years) as a mid-lived radionuclide remain
in the course of storage for a certain period of time and the
separation extraction step (FIG. 1; S11), and almost all of
other isotopes are transmuted due to nuclear decay.

Of these Sm isotopes, a target for transmutation is Sm-151
as the mid-lived radionuclide.

Note that the abundance of each of Sm-146 (a half-life of
1.03x108 years) and Sm-147 (a half-life of 1.06x10"" years)
of'the Sm isotopes included in the radioactive waste is slight,
and therefore, Sm-146 and Sm-147 are taken out of consid-
eration.

As shown in FIG. 6 A, when the neutron irradiation energy
increases, the (n, 2n) reaction cross sections of Sm-151 and
Sm-149 with an odd number of neutrons begin to increase at
around the point of exceeding 5.8 MeV. Each nuclide loses
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a single neutron, leading to nuclear transmutation of these
nuclides into Sm-150 and Sm-148.

When the neutron irradiation energy further increases, the
(n, 2n) reaction cross sections of Sm-148, Sm-150, Sm-152,
and Sm-154 with an even number of neutrons begin to
increase at around the point of exceeding 8 MeV. This leads
to nuclear transmutation of these nuclides into Sm-147,
Sm-149, Sm-151, and Sm-153. Then, the (n, 2n) reaction
cross sections of these Sm isotopes reach a constant value at
around the point of exceeding 11 MeV.

When the neutron irradiation energy still further
increases, a (n, 3n) reaction cross section begins to increase
at around the point of exceeding 14.3 MeV.

Of nuclear transmutation of the Sm isotopes as shown in
FIG. 6B, disadvantageous side (n, 2n) reaction is nuclear
transmutation of Sm-152 as the stable nuclide into Sm-151
as the mid-lived radionuclide.

Thus, for selective transmutation of only Sm-151 as the
mid-lived radionuclide from the Sm isotopes, the value of
the neutron irradiation energy is preferably set within such
a range that the (n, 2n) reaction cross section of Sm-151 is
equal to or larger than 10 times as large as the (n, 2n)
reaction cross section of Sm-152, specifically a range of 5.8
MeV to 8.3 MeV.

Note that in the case of setting the neutron irradiation
energy within such a range, the (n, 2n) reaction of Sm-148,
149 as the metastable nuclides is also produced. However,
this is not an issue because nuclear transmutation of Sm-148,
149 into Sm-147, 148 which are also the metastable nuclides
is produced.

Similarly, the (n, 2n) reaction of Sm-150 as the stable
nuclide is also produced. However, this is not an issue
because nuclear transmutation of Sm-150 into Sm-148 as the
metastable nuclide is produced.

Similarly, the (n, 2n) reaction of Sm-154 as the stable
nuclide is also produced. However, this is not an issue
because - decay of Sm-153 as a short-lived radionuclide
into Eu-153 as a stable nuclide is produced within a short
period of time after nuclear transmutation of Sm-154 into
Sm-153.

FIG. 7A shows a graph of a neutron emission reaction
cross section of a cesium isotope (Cs) with respect to the
neutron irradiation energy. FIG. 7B is the chart of nuclides
of major isotopes including barium Ba, cesium Cs, and
xenon Xe.

For the Cs isotopes, only Cs-133 as a stable nuclide,
Cs-134 (a half-life of 2.07 years) as a mid-lived radionu-
clide, Cs-135 (a half-life of 2.3x10° years) as a long-lived
radionuclide, and Cs-137 (a half-life of 30.07 years) as a
mid-lived radionuclide remain in the course of storage for a
certain period of time and the separation extraction step
(FIG. 1; S11), and almost all of other isotopes are transmuted
due to nuclear decay.

Of these Cs isotopes, targets for transmutation are Cs-135
as the long-lived radionuclide and Cs-137 as the mid-lived
radionuclide.

A difference of Cs from Se, Pd, and Zr described so far is
that the number of neutrons of Cs-135 as the long-lived
radionuclide is an even number, and therefore, the energy
required for the (n, 2n) reaction of such a long-lived radio-
nuclide is higher than that for the isotope nuclide with an
odd number of neutrons.

As shown in FIG. 7A, when the neutron irradiation energy
increases, the (n, 2n) reaction cross section of Cs begins to
increase at around 7 MeV. Each of Cs-133, 134, 135, 137
loses a single neutron, leading to nuclear transmutation of
these nuclides into Cs-132, 133, 134, 136. Then, the (n, 2n)
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reaction cross section of Cs reaches a constant value at
around the point of exceeding 11 MeV.

When the neutron irradiation energy further increases, a
(n, 3n) reaction cross section begins to increase at around the
point of exceeding 16 MeV.

As shown in FIG. 7B, nuclear transmutation of Cs-133
into Cs-132 (a half-life of 6.48 days) as a short-lived
radionuclide is produced by the (n, 2n) reaction. Nuclear
decay (f* decay) of Cs-132 into Xe-132 as a stable nuclide
is produced.

Then, nuclear transmutation of Cs-134 into Cs-133 as the
stable nuclide is produced by the (n, 2n) reaction. Nuclear
transmutation of Cs-135 into Cs-134 (a half-life of 2.07
years) as the mid-lived radionuclide is produced by the (n,
2n) reaction, and nuclear decay (- decay) of Cs-134 into
Ba-134 as a stable nuclide is produced. Nuclear transmuta-
tion of Cs-137 into Cs-136 (a half-life of 13.2 days) as a
short-lived radionuclide is produced by the (n, 2n) reaction,
and nuclear decay (f~ decay) of Cs-136 into Ba-136 as a
stable nuclide is produced.

Of nuclear transmutation of the Cs isotopes, disadvanta-
geous side (n, xn) reaction is nuclear transmutation of
Cs-137 as the mid-lived radionuclide into Cs-135 as the
long-lived radionuclide by (n, 3n) reaction.

Thus, for selective transmutation of Cs-135 as the long-
lived radionuclide or Cs-137 as the mid-lived radionuclide
from the Cs isotopes, the value of the neutron irradiation
energy is preferably set within such a range that the (n, 2n)
reaction cross section of Cs-137 is equal to or larger than 100
times as large as the (n, 3n) reaction cross section of Cs-137,
specifically a range of 8.5 MeV to 16.2 MeV.

Note that in the case of setting the neutron irradiation
energy within such a range, when Cs-136 subjected to
nuclear transmutation from Cs-137 by the (n, 2n) reaction is
further irradiated with neutrons, there is a concern that
nuclear transmutation of such a nuclide into Cs-135 as the
long-lived radionuclide is produced by the (n, 2n) reaction.

For this reason, the flow of the processing of the Cs
isotope as illustrated in FIG. 8 will be discussed.

After the radioactive waste has been left uncontrolled for
a predetermined period of time, nuclear decay of the con-
tained short-lived radionuclides is produced (S21). Subse-
quently, the Cs isotopes are separated and extracted from the
radioactive waste (S22), and then, are irradiated with neu-
trons to produce the (n, 2n) reaction (S23).

At this step of (S23), Cs-136 nuclear-transmuted from
Cs-137 is, in some cases, further nuclear-transmuted,
thereby generating Cs-135 as the long-lived radionuclide.

For this reason, the short-lived radionuclides such as
Cs-136 are left uncontrolled for a predetermined period of
time again, and are transmuted by atomic nuclear decay
(S24). Then, stable isotopes of other elements than Cs are
extracted, the stable isotopes being generated by nuclear
decay as described above (S25).

The step (S25) of extracting the stable isotopes of other
elements than Cs is not only for the purpose of eliminating
disadvantageous side reaction at the subsequent neutron
irradiation step (S23), but also for the purpose of obtaining
useful isotope elements.

For example, only Xe-132 of multiple stable isotopes can
be separated from Cs-133 by way of Cs-132.

As long as Cs-137 is present, a certain percentage of
Cs-136 nuclear-transmuted by the (n, 2n) reaction is inevi-
tably nuclear-transmuted into Cs-135 as the long-lived
radionuclide (Yes at S26).

For this reason, by repeating the flow from (S23) to (Yes
at S26), Cs-137 can be transmuted, and Cs-135 as the

10

20

30

40

45

65

12

long-lived radionuclide can be also transmuted (No at S26).
In this manner, detoxifying of the Cs isotopes is realized
(END after S27). Moreover, by repeating the flow as
described above, nuclear transmutation of Cs-135 into
Xe-132 as a useful element by way of Cs-133 is produced,
and Xe-132 is extracted.

FIG. 9A shows a graph of a neutron emission reaction
cross section of a strontium isotope (Sr) with respect to the
neutron irradiation energy. FIG. 9B is the chart of nuclides
of major isotopes including yttrium Y, strontium Sr, and
rubidium Rb.

For the Sr isotopes, only Sr-84, 86, 87, 88 as stable
nuclides and Sr-90 (a half-life of 28.8 years) as a mid-lived
radionuclide remain in the course of storage for a certain
period of time and the separation extraction step (FIG. 1;
S11), and almost all of other isotopes are transmuted due to
nuclear decay.

As shown in FIG. 9A, when the neutron irradiation energy
increases, the (n, 2n) reaction cross section of Sr-89 begins
to increase at around 6.8 MeV. Subsequently, the (n, 2n)
reaction cross section of Sr-90 begins to increase at around
8.2 MeV.

Thus, each of Sr-89, 90 loses a single neutron, leading to
nuclear transmutation of these nuclides into Sr-88, 89. Sr-89
nuclear-transmuted from Sr-90 is further transmuted into
Sr-88 (the stable nuclide) by the (n, 2n) reaction.

As shown in FIG. 9B, any of other Sr isotope elements
than Sr-90 are a stable nuclide or a short-lived radionuclide.
Thus, new long-lived and med-lived radionuclides are not
generated even by the (n, 2n) reaction of all of the Sr
isotopes.

For this reason, for transmutation of Sr-90, the even-odd
concentration step (S12) is not necessarily undergone, and
even-odd selection is not necessarily utilized for the neutron
irradiation energy.

For transmutation of Sr-90 as the mid-lived radionuclide
of'the Sr isotopes, the value of the neutron irradiation energy
may be specifically set to equal to or greater than 8.2 MeV.

Note that even when nuclear transmutation of Sr-86 (the
stable nuclide) into Sr-85 (a half-life of 64.8 days) by
irradiation with equal to or greater than 12 MeV is produced,
this is not an issue because Sr-85 is transmuted into Rb-85
(a stable nuclide) by " decay.

FIG. 10A shows a graph of a neutron emission reaction
cross section of a tin isotope (Sn) with respect to the neutron
irradiation energy. FIG. 10B is the chart of nuclides of major
isotopes including tellurium Te, antimony Sb, and tin Sn.

For the Sn isotopes, only Sn-112, 114, 115, 116, 117, 118,
119, 120, 122, 124 as stable nuclides and Sn-126 (a half-life
of 1x10° years) as a long-lived radionuclide remain in the
course of storage for a certain period of time and the
separation extraction step (FIG. 1; S11), and almost all of
other isotopes are transmuted due to nuclear decay.

As shown in FIG. 10A, when the neutron irradiation
energy increases, the (n, 2n) reaction cross section of Sn-119
begins to increase at around 6.8 MeV. Subsequently, the (n,
2n) reaction cross section of Sn-126 begins to increase at
around 8.2 MeV.

As shown in FIG. 10B, any of other Sn isotope elements
than Sn-126 are a stable nuclide or a short-lived radionu-
clide. Thus, new long-lived and med-lived radionuclides are
not generated even by the (n, 2n) reaction of all of the Sn
isotopes.

For this reason, for transmutation of Sn-126, the even-odd
concentration step (S12) is not necessarily undergone, and
even-odd selection is not necessarily utilized for the neutron
irradiation energy.
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For transmutation of Sn-126 as the long-lived radionu-
clide of the Sn isotopes, the value of the neutron irradiation
energy may be specifically set to equal to or greater than 8.2
MeV.

Note that even when nuclear transmutation of the stable
nuclide of Sn is produced by irradiation with equal to or
greater than 8.2 MeV, this is not an issue because a stable
nuclide of another element is generated by further §~ decay
or f* decay.

(Neutron Beam Generation Device)

A secondarily-generated beam generated utilizing an
accelerator is applied as a neutron beam for inducing the (n,
2n) reaction of the isotopes.

In this accelerator, protons are accelerated to energy
slightly higher than target neutron energy, and a target is
irradiated with the protons. In this manner, neutrons are
generated. Alternatively, in this accelerator, deuterons are
accelerated to total energy about twice as high as target
neutron energy, and a target is irradiated with the deuterons.
In this manner, neutrons are generated.

Such a target structure is designed to control the strength
and profile (the degree of convergence) of the generated
neutrons, and therefore, a beam-shaped neutron bundle is
output.

(Muon Nuclear Capture Reaction)

Next, a case where the high-energy particles with which
the isotopes is irradiated are muon 1~ will be described based
on FIG. 11. Note that muon includes positive muon p* and
negative muon [t". The present invention is targeted for the
negative muon and therefore, the muon described below all
indicates the negative muon.

When the muon 1~ is captured by an atomic nucleus of an
element X, one of protons forming the atomic nucleus is
transmuted into a neutron when bonded to the muon p~.
Then, a neutrino v is emitted (Reaction Formula (1)). Then,
nuclear transmutation into an element Y with a (Z-1) atomic
nucleus of which number of protons is reduced by one is
produced.

As shown in Reaction Formulae (2) to (5), such an
element Y shows an excited state, and the nucleus reaction
for emitting one or more neutrons n is produced.

(17, v) reaction: p+X(Z,4)—=Y((Z-1), A)+v (€8]

(17, »v) reaction: Y((Z-1), (4))—=n+¥((Z-1), (4-1)) 2)
(1™ 2mv) reaction: Y((Z-1), (4))—=2n+Y((Z-1),
(4-2)) ©)
(1™, 3mv) reaction: Y((Z-1), (4))—=3n+¥((Z-1),
“-3) Q)
(17, 4nv) reaction: Y((Z-1), (4))—=4n+Y((Z-1),

(d-4) ®

Reaction Formulae (1) to (5) as described above are
symbolized as shown in FIG. 11, and are shown as 1 to 5.

Multiple muon nuclear capture reactions are simultane-
ously produced at a predetermined rate depending on the
element X. It has been found, as an experimental example,
that for iodine 1-127, the occurrence rates of the (u~, v)
reaction, the ()7, nv) reaction, the (L™, 2nv) reaction, the (u~,
3nv) reaction, the (U7, 4nv) reaction, and the (u~, Snv)
reaction are 8%, 52%, 18%, 14%, 5%, and 2.5%, respec-
tively.

(Muon Beam Generation Device)

A muon beam for inducing the (U™, xnv) reaction of the
isotopes is obtained as follows. That is, a target such as
carbon is irradiated with a proton beam with an energy of
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about 800 MeV, and in this manner, negative pion is gen-
erated. Then, this generated pion (a life of 2.6 nanoseconds)
is decayed, and in this manner, a negative muon beam is
obtained.

FIG. 12 is the chart of nuclides for describing transition
of the selenium isotopes (Se) by the muon nuclear capture
reaction.

For the Se isotopes, only Se-74, 76, 77, 78, 80, 82 as the
stable nuclides and Se-79 (a half-life of 2.95x10° years) as
the long-lived radionuclide remain in the course of storage
for the certain period of time and the separation extraction
step (FIG. 1; S11), and almost all of other isotopes are
transmuted due to nuclear decay.

In the case of focusing on Se-79, when such a Se isotopes
is irradiated with the muon p~, nuclear transmutation reac-
tions "Se(u, v)?As, 7Se(u”, nv)"®As, *Se(u”, 2nv)” As,
and "®Se(u”, 3nv)7%As are produced.

As-76, As-77, As-78, and As-79 generated as described
above are short-lived radionuclides. Thus, nuclear decay (™
decay) of these radionuclides is produced within a short
period of time, and the radionuclides are transmuted into
Se-76, Se-77, Se-78, and Se-79.

That is, for Se-79 as the long-lived radionuclide, some of
the nuclides transmuted by the muon nuclear capture reac-
tion are transmuted back into Se-79, but the remaining
nuclides are the Se stable nuclides.

For Se-80, 82 of Se-74, 76, 77, 78, 80, 82, some of the
nuclides transmuted by muon irradiation are also Se-79 as
the long-lived radionuclide.

As described above, in the case of irradiating the Se
isotopes with the muon p~, the transmuted nuclides are
transmuted back due to ~ decay. Thus, Se-79 cannot be
transmuted by one-time irradiation, but can be decreased.

For this reason, concentration of Se-77, 79 with an odd
number of neutrons among the Se isotopes by way of the
even-odd concentration step (FIG. 1; S12) will be discussed.

Of the transmuted nuclides from Se-77 (the stable
nuclide), As-77 is transmuted back into Se-77 by B~ decay,
As-76 is transmuted into Se-76 (the stable nuclide) by
decay, As-75 is present as a stable nuclide, and As-74 is
transmuted into Se-74 (the stable nuclide) by p~ decay and
Ge-74 (a stable nuclide) by p* decay.

Although transmutation of some of the transmuted As
nuclides of Se-79 back into Se-79 cannot be avoided, Se-79
can be efficiently decreased by one-time muon irradiation.
This is because the transmuted As nuclides of Se-77 are not
transmuted back into Se-79.

FIG. 13 is the chart of nuclides for describing transition
of the palladium isotopes (Pd) by the muon nuclear capture
reaction.

For the Pd isotopes, only Pd-102, 104, 105, 106, 108, 110
as the stable nuclides and Pd-107 (a half-life of 6.5x10°
years) as the long-lived radionuclide remain in the course of
storage for the certain period of time and the separation
extraction step (FIG. 1; S11), and almost all of other isotopes
are transmuted due to nuclear decay.

In the case of focusing on Pd-107, when such a Pd
isotopes is irradiated with the muon p~, nuclear transmuta-
tion reactions '°"Pd(u-, v)'°’Rh, °"Pd(u~, nv)'°°Rh, **’Pd
(W, 20v)'®Rh, and °7Pd(u~, 3nv)'**Rh are produced.

Rh-104, Rh-105, Rh-106, Rh-107 generated as described
above are short-lived radionuclides. Thus, nuclear decay ([~
decay) of these radionuclides is produced within a short
period of time, and the radionuclides are transmuted into
Pd-104, Pd-105, Pd-106, and Pd-107.

That is, for Pd-107 as the long-lived radionuclide, some of
the nuclides transmuted by the muon nuclear capture reac-
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tion are transmuted back into Pd-107, but the remaining
nuclides are the Pd stable nuclides.

For Pd-108, 110 of Pd-102, 104, 105, 106, 108, 110, some
of the nuclides transmuted by muon irradiation are also
Pd-107 as the long-lived radionuclide.

As described above, in the case of irradiating the Pd
isotopes with the muon p~, the transmuted nuclides are
transmuted back due to = decay. Thus, Pd-107 cannot be
transmuted by one-time irradiation, but can be decreased.

For this reason, concentration of Pd-105, 107 with an odd
number of neutrons among the Pd isotopes by way of the
even-odd concentration step (FIG. 1; S12) will be discussed.

Of the transmuted nuclides from Pd-105 (the stable
nuclide), Rh-105 is transmuted back into Pd-105 by f~
decay, Rh-104 is transmuted into Pd-104 (the stable nuclide)
by B~ decay and Ru-104 (a stable nuclide) by f* decay,
Rh-103 is present as a stable nuclide, and Rh-102 is trans-
muted into Pd-102 (the stable nuclide) by p~ decay and
Ru-102 (a stable nuclide) by p* decay.

Although transmutation of some of the transmuted Rh
nuclides of Pd-107 back into Pd-107 cannot be avoided,
Pd-107 can be efficiently decreased by one-time muon
irradiation. This is because the transmuted Rh nuclides of
Pd-105 are not transmuted back into Pd-107.

FIG. 14 is the chart of nuclides for describing transition
of the strontium isotopes (Sr) by the muon nuclear capture
reaction.

For the Sr isotopes, only Sr-84, 86, 87, 88 as the stable
nuclides and Sr-90 (a half-life of 28.8 years) as the mid-lived
radionuclide remain in the course of storage for the certain
period of time and the separation extraction step (FIG. 1;
S11), and almost all of other isotopes are transmuted due to
nuclear decay.

In the case of focusing on Sr-90, when such a Sr isotopes
is irradiated with the muon p~, nuclear transmutation reac-
tions 2°Sr(u~, v)°°Rb, “°Sr(u”, nv)*Rb, “°Sr(u, 2nv)**Rb,
and *°Sr(u~, 3nv)®*"Rb are produced.

Rb-87 generated as described above is a metastable
nuclide, and Rb-88, Rb-89, and Rb-90 generated as
described above are short-lived radionuclides. Thus, nuclear
decay (f~ decay) of these nuclides is produced within a short
period of time, and these nuclides are transmuted into Sr-88,
Sr-89, and Sr-90. Sr-89 is further transmuted into Y-89 as a
stable nuclide by - decay.

That is, for Sr-90 as the mid-lived radionuclide, some of
the nuclides transmuted by the muon nuclear capture reac-
tion are transmuted back into Sr-90, but the remaining
nuclides are Sr stable nuclides, Y stable nuclides, or Rb
metastable nuclides.

The rest of Sr-84, 86, 87, 88 are also eventually trans-
muted into stable nuclides or metastable nuclides by muon
irradiation.

FIG. 15 is the chart of nuclides for describing transition
of the zirconium isotopes (Zr) by the muon nuclear capture
reaction.

For the Zr isotopes, only Zr-90, 91, 92, 94, 96 as the stable
nuclides and Zr-93 (a half-life of 1.5x10° years) as the
long-lived radionuclide remain in the course of storage for
the certain period of time and the separation extraction step
(FIG. 1; S11), and almost all of other isotopes are transmuted
due to nuclear decay.

In the case of focusing on Zr-93, when such a Zr isotopes
is irradiated with the muon p~, nuclear transmutation reac-
tions > Zr(u~, v)*Y, P2 Zr(u”, nv)?2Y, 3 Zr(u~, 20v)°1Y, and
237r(n, 3nv)°°Y are produced.

Y-90, Y-91, Y-92, and Y-93 generated as described above
are short-lived radionuclides. Thus, nuclear decay (~
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decay) of these radionuclides is produced within a short
period of time, and these radionuclides are transmuted into
7r-90, Zr-91, Zr-92, and Zr-93.

That is, for Zr-93 as the long-lived radionuclide, some of
the nuclides transmuted by the muon nuclear capture reac-
tion are transmuted back into Zr-93, but the remaining
nuclides are Zr stable nuclides.

For Zr-94, 96 of Zr-90, 91, 92, 94, 96, some of the
nuclides transmuted by muon irradiation are also Zr-93 as
the long-lived radionuclide.

As described above, in the case of irradiating the Zr
isotopes with the muon p~, the transmuted nuclides are
transmuted back due to p~ decay. Thus, Zr-93 cannot be
transmuted by one-time irradiation, but can be decreased.

For this reason, concentration of Zr-91, 93 with an odd
number of neutrons among the Zr isotopes by way of the
even-odd concentration step (FIG. 1; S12) will be discussed.

Of the transmuted nuclides from Zr-91 (the stable
nuclide), Y-90, 91 are transmuted into Zr-90, 91 (the stable
nuclides) by p~ decay, Y-89 is present as the stable nuclide,
and Y-88 is transmuted into Sr-88 (the stable nuclide) by p*
decay.

Although transmutation of some of the transmuted Y
nuclides of Zr-93 back into Zr-93 cannot be avoided, Zr-93
can be efficiently decreased by one-time muon irradiation.
This is because the transmuted Y nuclides of Zr-91 are not
transmuted back into Zr-93.

FIG. 16 is the chart of nuclides for describing transition
of the cesium isotopes (Cs) by the muon nuclear capture
reaction.

For the Cs isotopes, only Cs-133 as the stable nuclide,
Cs-134 (a half-life of 2.07 years) as the mid-lived radionu-
clide, Cs-135 (a half-life of 2.3x10° years) as the long-lived
radionuclide, and Cs-137 (a half-life of 30.07 years) as the
mid-lived radionuclide remain in the course of storage for
the certain period of time and the separation extraction step
(FIG. 1; S11), and almost all of other isotopes are transmuted
due to nuclear decay.

In the case of focusing on Cs-137, when such a Cs
isotopes is irradiated with the muon p~ nuclear transmuta-
tion reactions *’Cs(u~, v)'*"Xe, *’Cs(u, nv)'*%Xe, *’Cs
(u~, 2nv)'?**Xe, and **’Cs(u~, 3nv)'**Xe are produced.
Moreover, in the case of focusing on Cs-135, nuclear
transmutation reactions '*°Cs(u”, v)'**Xe, *°Cs(u,
nv)3*Xe, 133Cs(u, 2nv)'**Xe, and 1**Cs(u~, 3nv)'**Xe are
produced.

Xe-137 and Xe-135 generated as described above are
short-lived radionuclides. Thus, nuclear decay (- decay) of
these radionuclides is produced within a short period of
time, and these radionuclides are transmuted into Cs-137
and Cs-135.

That is, for Cs-137, 135 as the long-lived radionuclides,
some of the nuclides transmuted by the muon nuclear
capture reaction are transmuted back into Cs-137, 135, but
the remaining nuclides eventually become stable nuclides.

FIG. 17 is the chart of nuclides for describing transition
of'the tin isotopes (Sn) by the muon nuclear capture reaction.

For the Sn isotopes, only Sn-112, 114, 115, 116, 117, 118,
119, 120, 122, 124 as the stable nuclides and Sn-126 (a
half-life of 1x10° years) as the long-lived radionuclide
remain in the course of storage for the certain period of time
and the separation extraction step (FIG. 1; S11), and almost
all of other isotopes are transmuted due to nuclear decay

In the case of focusing on Sn-126, when such a Sn
isotopes is irradiated with the muon p~, nuclear transmuta-
tion reactions '2®Sn(u~, v)'*%In, *°Sn(u", nv)'*°In, *°Sn
(W, 20v)***In, and '*°Sn(u~, 3nv)'**In are produced.
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In-123, 124, 125, 126 generated as described above are
short-lived radionuclides. Thus, nuclear decay (B~ decay) of
these radionuclides is produced within a short period of
time, and these radionuclides are transmuted into Sn-123,
124, 125, 126.

That is, for Sn-126 as the long-lived radionuclide, some of
the nuclides transmuted by the muon nuclear capture reac-
tion are transmuted back into Sn-126, but the remaining
nuclides eventually become stable nuclides.

Therestof Sn-112, 114, 115, 116, 117, 118, 119, 120, 122,
124 also eventually become stable nuclides by muon irra-
diation.

FIG. 18 is the chart of nuclides for describing transition
of the samarium isotopes (Sm) by the muon nuclear capture
reaction.

For the Sm isotopes, only Sm-150, 152, 154 as the stable
nuclides, Sm-147, 148, 149 as the metastable nuclides,
Sm-146 (a half-life of 1x10® years) as a long-lived radio-
nuclide, and Sm-151 (a half-life of 90 years) as the mid-
lived radionuclide remain in the course of storage for the
certain period of time and the separation extraction step
(FIG. 1; S11), and almost all of other isotopes are transmuted
due to nuclear decay.

In the case of focusing on Sm-151, when such a Sm
isotopes is irradiated with the muon p~, nuclear transmuta-
tion reactions “*!'Sm(u”, v)'*'Pm, '*'Sm(u”, nv)'*°Pm,
BISm(u, 20v)'*°Pm, and **Sm(p, 3nv)'**Pm are pro-
duced.

Pm-148, 149, 150, 151 generated as described above are
short-lived radionuclides. Thus, nuclear decay (B~ decay) of
these radionuclides is produced within a short period of
time, and these radionuclides are transmuted into Sm-148,
149, 150, 151.

That is, for Sm-151 as the long-lived radionuclide, some
of the nuclides transmuted by the muon nuclear capture
reaction are transmuted back into Sm-151, but the remaining
nuclides eventually become stable nuclides.

For Sm-150, 152 of Sm-146, 147, 148, 149, 150, 152,
154, some of the nuclides transmuted by muon irradiation
are also Sm-151 as the mid-lived radionuclide.

As described above, in the case of irradiating the Sm
isotopes with the muon p~, the transmuted nuclides are
transmuted back due to ~ decay. Thus, Sm-151 cannot be
transmuted by one-time irradiation, but can be decreased.

For this reason, concentration of Sm-151, 149, 147 with
an odd number of neutrons among the Sm isotopes by way
of the even-odd concentration step (FIG. 1; S12) will be
discussed.

Although transmutation of some of the transmuted Pm
nuclides of Sm-151 back into Sm-151 cannot be avoided,
Sm-151 can be efficiently decreased by one-time muon
irradiation. This is because the transmuted Pm nuclides of
Sm-149 are not transmuted back into Sm-151.

Moreover, the transmuted nuclide Pm-147 of Sm-147 (the
metastable nuclide) is transmuted back into Sm-147 by -
decay, and other transmuted nuclides Pm-144, 145, 146 are
transmuted into Nd stable nuclides or metastable nuclides by
B* decay.
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According to the method for processing the radioactive
waste according to at least one embodiment described
above, the separated and extracted isotopes is irradiated with
the high-energy particles, and in this manner, only the
radionuclides can be selectively transmuted into the stable
nuclides in the fission products.

According to such a radioactive waste processing method,
isotope separation is not necessary, and the stable nuclides
transmuted from the long-lived radionuclides or the like can
be reutilized as a resource.

Some embodiments of the present invention have been
described. However, these embodiments have been set forth
merely as examples, and are not intended to limit the scope
of'the invention. These embodiments can be implemented in
other various forms, and various omissions, replacements,
changes, and combinations can be made without departing
from the gist of the invention. These embodiments and
variations thereof are included in the scope and gist of the
invention, as well as being included in the invention
described in the claims and an equivalent scope thereof.

The invention claimed is:

1. A method for processing radioactive waste, comprising:

a step of extracting a group of isotopes having a same

atomic number from the radioactive waste, followed by
no separation process of isotopes from the extracted
group, the extracted group including a radionuclide and
stable nuclides; and

a step of generating a neutron (n) by an accelerator and

irradiating the neutron (n) to the isotopes, so as to
produce nuclear transmutation of a first nuclide as a
long-lived radionuclide into a second nuclide as a
stable nuclide, while suppressing nuclear transmutation
of a third nuclide into the first nuclide by setting a value
of irradiation energy of the neutron (n) within such a
range that a (n, 2n) reaction cross section of the first
nuclide is equal to or larger than 10 times as large as a
(n, 2n) reaction cross section of the third nuclide,
and

wherein the isotopes, the first nuclide, the second nuclide,

and the third nuclide are defined as below:

selenium (Se) isotopes, Se-79, Se-78, and Se-80,
respectively;

palladium (Pd) isotopes, Pd-107, Pd-106, and Pd-108,
respectively;

zirconium (Zr) isotopes, Zr-93, Zr-92, and Zr-94,
respectively;

krypton (Kr) isotopes, Kr-85, Kr-84, and Kr-86, respec-
tively; or

samarium (Sm) isotopes, and
Sm-152, respectively.
2. The radioactive waste processing method according to
claim 1, further comprising:
after the extracting step and before the irradiating step, a
step of increasing or decreasing a ratio of isotopes
having an odd number of neutrons with respect to
isotopes having an even number of neutrons in the
extracted group of isotopes, by inducing an isotopic
shift phenomenon in the extracted group of isotopes.

Sm-151, Sm-150,
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